ABSTRACT The effects of the in ovo injection of different carbohydrate solutions on the internal egg temperature (IT), hatchability, and time of hatch of embryonated Ross × Ross 708 broiler hatching eggs were determined. In addition, the BW, liver weight, yolk sac weight (YSW), and yolk-free BW (YFBW) of the embryos on d 19.5 of incubation and of the chicks on day of hatch were determined. Eggs containing live embryos were injected in the amnion on d 18.5 of incubation using an automated multiple-egg injector. Solution injections delivered 1.2 mL of physiological saline (0.85%) alone or with a supplemental carbohydrate. The following supplemental carbohydrates were separately dissolved in saline at a concentration of 0.3 g/ mL: glucose, fructose, sucrose, maltose, and dextrin. Temperature transponders were implanted in the air cells of embryonated and nonembryonated eggs after in ovo injection for the detection of IT at 6, 14, and 22 h after injection. The IT of embryonated eggs was significantly greater than that of nonembryonated eggs at all
INTRODUCTION
Embryonic temperature is largely influenced by incubator temperature and embryo heat production (Romijn and Lokhorst, 1955; Whittow, 2000; Nichelmann and Tzschentke, 2002; Lourens et al., 2011) . Furthermore, embryonic temperature has a subsequent influence on embryo development, hatchability, and posthatch performance (Lourens et al., 2005 (Lourens et al., , 2007 (Lourens et al., , 2011 Barri et al., 2011) . Internal egg temperature (IT) has been used as a measure of heat production and body temperature in chick embryos (Janke et al., 2004; Pulikanti et al., 2011a,b) . Most methodologies employed for the determination of IT have been invasive and have the potential for adversely affecting embryo development and hatchability (Janke et al., 2004; Lourens et al., 2005 Lourens et al., , 2006a Pulikanti et al., 2011a,b) . However, a noninvasive method for the determination of IT has recently been reported by Pulikanti et al. (2011a,b) .
The metabolic rate of embryos increases toward hatch (Tazawa et al., 1988) . Moreover, an increased rate of metabolism during the last few days before hatch has been found to be associated with an increased rate of absorption and utilization of yolk sac nutrients for tissue deposition and subsequent growth Tullett, 1983, 1985; Vleck and Vleck, 1987; Speake et al., 1998) . More than 90% of the total energy requirements of the embryo are provided by fatty acids derived from yolk lipids, which are primarily oxidized in the 3 times after the treatment period. Eggs that were injected with saline with or without supplemental carbohydrates experienced a reduction in IT when compared with control eggs whose shells were perforated without solution delivery, and the decrease in IT was associated with a delay in hatch time. Liver weight was negatively related to YSW and positively related to YFBW, and YSW was negatively related to YFBW. Although the saline and carbohydrate solution injections increased chick BW compared with noninjected controls, chick YFBW was decreased in the maltose-and sucrose-injected groups. In conclusion, the injection of 1.2 mL of saline with or without supplemental carbohydrates lowered embryonic metabolism, as reflected by a lower IT and a delay in time of hatch. However, effects of the different carbohydrate solutions on yolk absorption and tissue deposition in yolk-free embryos varied. These results suggest that lower volumes for solutions containing maltose, sucrose, or fructose should be considered for in ovo injection.
liver and yolk sac membrane (Speake et al., 1998; Zhao et al., 2010; Yadgary et al., 2011) . Therefore, it is not surprising that any malfunction in yolk utilization may reduce the growth of the embryo.
The hatching process demands a readily available source of carbohydrates. Glucose and glycogen are preferentially utilized as energy sources over lipids and protein during chicken embryogenesis, especially during the last few days before hatch (Romanoff, 1960; Pearce, 1971; Moran, 2007) . However, eggs consist of only approximately 0.3 to 0.4% carbohydrate (Burley and Vadehra, 1989) . Therefore, glucose and glycogen are mainly generated in hatching embryos via gluconeogenesis and glycogenesis (Pearce, 1971) . Glycogen reserves are at their maximum concentration in the embryonic liver on d 19 of incubation. Nevertheless, at the end of the incubation period, hepatic glycogen is rapidly metabolized and degraded to glucose for service as a critical energy source for the hatching process before pulmonary respiration is initiated (Pearce, 1971) . It is also at this time that muscles exclusively use glycogenderived glucose for a rapid and strong contraction that is essential to shell perforation and chick emergence (Moran, 2007) . Even after the initiation of pulmonary respiration at external pipping, glucose still remains important for the complete combustion of fatty acids for the prevention of ketone body accumulation (Moran, 2007) . It has been suggested that the introduction of external carbohydrates, as readily available energy sources, may help to spare protein and fatty acids that would normally be used for gluconeogenesis so that embryo growth may be optimized Uni et al., 2005; Foye et al., 2006 Foye et al., , 2007 Bottje et al., 2010) .
It had been suggested that the in ovo injection of a 1.0-mL volume of various combinations of carbohydrates at a concentration of 0.18 to 0.25 g/mL improved the energy status of the livers and bodies of subsequent hatchlings (Uni and Ferket, 2003; Tako et al., 2004; Uni et al., 2005; Smirnov et al., 2006) . However, in those studies, the independent effects of the individual carbohydrates were not tested. A preliminary trial conducted in our laboratory showed that the in ovo injection of 1.5 mL (0.3 g/mL) of various carbohydrates on d 18.5 of incubation (NOM 45 incubator; NatureForm Inc., Jacksonville, FL) using a single egg injector (IntelliLab; AviTech LLC, Salisbury, MD) did not affect the embryo's survivability. It has more recently been reported that the in ovo injection of various carbohydrates had different effects on broiler embryo yolk sac absorption, yolk-free body matter synthesis, and hatchability (Zhai et al., 2011) . The extra water provided to eggs via in ovo injection may also alter embryonic metabolism and delay hatch because it is well known that eggs with lower water loss rates usually exhibit delayed hatches (Romanoff, 1930; Ar and Rahn, 1980; Ar, 1991) . Nevertheless, the mechanisms by which the different types of carbohydrates can affect embryonic metabolism, yolk sac nutrient absorption and utilization, yolk-free BW (YFBW), liver metabolism, and growth have not been addressed to date. Furthermore, correlations among these parameters have not been clearly defined. Therefore, the objective of the current study was to examine the effects of the in ovo injection of various types of carbohydrates dissolved in 1.2 mL of physiological saline, at 0.3 g/mL concentrations, on broiler embryo metabolism and embryogenesis and to effectively monitor these effects by determining IT, hatchability, rate of yolk absorption, liver weight, and the total BW and YFBW of embryos and hatchlings on both fresh and DM bases.
MATERIALS AND METHODS

General
The current experimental protocol was approved by the Institutional Animal Care and Use Committee of Mississippi State University. A total of 1,440 broiler hatching eggs (Ross × Ross 708), collected from a common commercial flock at 32 wk of age, were held for 2 d under standard storage conditions before setting. Eggs were weighed individually, and only eggs that were normal in appearance and within ±10% of the mean weight of all eggs set (58 ± 5.8 g) were randomly assigned to each of 6 incubator tray levels in a Jamesway model PS 500 single stage incubator (Jamesway Incubator Co. Inc., Cambridge, Ontario, Canada). Each tray level served as a replicate unit. Eggs were candled on d 14.5 of incubation, and unfertilized eggs and eggs containing dead embryos were removed. After candling, a total of 768 embryonated eggs were retained and all 8 treatment groups, each containing 16 embryonated eggs, were equally represented on each of the 6 replicate trays. Incubator dry and wet bulb temperatures were set at 37.5 ± 0.1 and 28.9 ± 0.1°C, respectively.
In a separate trial, another set of hatching eggs (Ross × Ross 708, collected from a common commercial flock at 43 wk of age) were used to test for the effects of solution osmolality on hatchability. The eggs were selected based on weight and incubated using the same procedure as described above. After candling, a total of 798 embryonated eggs were retained and all 7 treatment groups, each containing 19 embryonated eggs, were equally represented on each of 6 replicate trays.
Treatment Solutions
All injected solutions were freshly prepared on the day of injection. Glucose, fructose, maltose, sucrose, or dextrin was dissolved in physiological saline (0.85%) to achieve a 0.3 g/mL concentration for each carbohydrate solution. Also, water and a serial saline solution were prepared to test the effects of osmolality on hatchability. The water, saline, and carbohydrate solutions were autoclaved at 121°C for 15 min for sterilization, and were subsequently allowed to cool to approximately 40°C. The solutions were then kept in the incubator at 37.5°C for at least 3 h before being injected. The osmolality of all solutions were measured (Advanced Micro Osmometer model 3300; Advanced Instruments Inc., Norwood, MA) before and after autoclaving. The osmolality and osmolality changes attributable to autoclaving are listed in Table 1 . In addition to the saline-injected control and 5 carbohydrate solution treatment groups, noninjected and dry punch (shell perforated without solution injection) control groups were included.
Injection Procedure
Injections were performed using a modified IntelliJect (AviTech LLC) multiegg injector capable of simultaneously injecting 56 eggs. Embryonated eggs were injected through the air cell with a blunt tip injector needle [1.27-mm bore width (o.d.)] to target the amnion. The needle provided an approximate 2.49-cm injection depth from the top of the large end of the egg (Keralapurath et al., 2010) , and the volume of saline or carbohydrate solution delivery was 1.2 ± 0.0012 mL. A validation test using a water-soluble dye confirmed that the material was being delivered into the amnion on d 18.5 of incubation. On d 18.5 of incubation, all eggs belonging to a particular treatment were injected together before switching to another treatment group. Upon completion of the entire injection process, the eggs were transferred into the hatcher on their corresponding replicate tray levels. All eggs were held outside the incubator less than 30 s during injection.
Transponder Implantation
Only eggs that were within ±1% of the mean weight of all eggs set (58 ± 0.58 g) were used for temperature transponder implantation in order to limit the influence of set egg weight (SEW) on IT. One embryonated egg in each treatment group on each replicate tray was implanted in the air cell with a temperature transponder. One nonembryonated egg implanted in the air cell with a transponder was also retained on each tray level for use in monitoring external egg temperature. The implantable, programmable temperature transponders (IPTT-300; Bio Medic Data System Inc., Seaford, DE) were implanted in both embryonated and nonembryonated eggs for determination of IT after injection, following the procedure described by Pulikanti et al. (2011a,b) . Egg temperature was monitored at 6, 14, and 22 h after injection, and monitoring ended at the point when the chicks started hatching.
Data Collection
Individual egg weights were recorded on d 0 of incubation. The IT difference between embryonated and nonembryonated eggs was calculated to serve as an indicator of embryonic heat production. Hatch rate was monitored by determining the hatchability of all of the embryonated eggs (HE), including both implanted and nonimplanted eggs, every 8 h between the first (d 19.5 of incubation) and third days after injection (day of hatch). One day after injection (d 19.5 of incubation, before hatching), 2 embryonated eggs from each treatment replicate group were killed and weighed and their contents were removed for determination of embryo body, yolk sac (YSW), YFBW, and liver weights. On the third day after injection (day of hatch, after hatching), 2 chicks from each treatment replicate group were wing banded, killed, weighed, and necropsied for determination of chick BW, YSW, YFBW, and liver weight. Approximately 12 chicks from each treatment replicate group were used to determine mean hatching chick BW. Furthermore, proportional embryo or chick BW (BW relative to SEW) were calculated to eliminate possible effects of SEW variation. Mortality of embryos in unhatched eggs at early (0-7 d), mid (8-14 d), and late (15-18.5 d) stages of incubation were determined on the day of hatch.
Statistical Analysis
A randomized complete block design was used, with each tray level serving as a block, and with all treatments being equally represented in each block. All parameters were analyzed using SAS procedures (SAS Institute, 2008) . Using the MIXED procedure, a 1-way ANOVA was used to analyze treatment differences for the following: IT at 6, 14, and 22 h after injection; liver weight, YSW, YFBW, BW, and BW relative to SEW on d 19.5 and 21.5 of incubation; hatch rate; and HE. Treatment was designated as a fixed effect and tray level as a random effect. A split-plot analysis was also used to test for the main effects of time and treatment on IT differences. The main and interactive effects of treatment and time were designated as fixed effects, and tray was designed as a random effect. A spatial power correlation structure was used to model dependence of IT difference measurements made on the same egg over time. Least squares means were compared in the event of significant global effects (Steel and Torrie, 1980) . Using the GLM procedure, partial correlations between IT at 22 h after injection and time of hatch were analyzed. Also, partial correlations between liver weight, YSW, and YFBW on d 19.5 of incubation and on day of hatch were analyzed separately.
RESULTS
Except for water, autoclaving similarly increased the osmolality of all injected solutions. The osmolality of water remained at 0 before and after autoclaving (Table  1) . Water evaporative loss was approximately 6 to 7% of its original volume during autoclaving. A separate trial was conducted to test the effects of osmolality on hatchability of embryonated eggs. The results showed that hatchability was not affected (P = 0.217) by the injection of 1.2-mL volumes of solutions that had osmolalities that ranged from 0 to 2,320 mOsm. The hatchabilities of the noninjected control, dry punch control, 1.2 mL of water, and 0.85, 1.70, 3.40, and 6.8% salineinjected groups were 95.5, 90.7, 91.0, 88.4, 94.7, 94.4, and 89 .1% (SEM = 2.35%), respectively.
At 6, 14, and 22 h after injection, IT was significantly (P < 0.001) higher in embryonated eggs compared with nonembryonated eggs (Figure 1 ). The use of dry punch control eggs that were injected without solution delivery demonstrated that the injection procedure itself had no effect on this relationship. The temperature differences between embryonated and nonembryonated eggs increased (P < 0.001) as time of hatch was approached between 6 and 22 h after injection. The difference in IT between embryonated and nonembryonated eggs was approximately 0.9, 1.2, and 1.4°C (SEM = 0.09) at 6, 14, and 22 h after injection, respectively. The IT of eggs at 6 h after injection was not affected by any injection treatment (Figure 1) . However, at 14 h after injection, IT was reduced in the glucose, fructose, and maltose injection groups, but not in the noninjected or the saline, sucrose, and dextrin injection groups, when compared with the dry punch control (Figure 1) . At 22 h after injection, the injection of saline or any of the various carbohydrates in saline reduced IT compared with the dry punch control group. Furthermore, the IT of the maltose group was lower than that of the noninjected control group (Figure 1 ). The decrease in egg IT at 22 h after injection in the saline-and carbohydrate-injected groups, compared with the dry punch control, was also associated with a delay in hatch time (partial correlation coefficient = −0.51, P = 0.005).
Yolk sac weight, YFBW, and relative BW (in proportion to SEW) on d 19.5 of incubation, and HE, absolute and relative BW (in proportion to SEW), YSW, YFBW, dry YFBW, and liver weight on d of hatch, were significantly (P < 0.03) affected by the injection treatments. No difference was found in SEW between treatment groups (data not shown). Furthermore, ab- Figure 1 . Internal temperature of nonembryonated eggs and embryonated eggs from noninjected control group, dry punch control group, group injected with 1.2 mL of saline (injected control), and groups injected with 0.3 g/mL of glucose, fructose, maltose, sucrose, and dextrin dissolved in 1.2 mL of saline at 6, 14, and 22 h after injection. The global P-values are less than 0.001 for the 6-, 14-, and 22-h time periods. Means among treatments within the 6-, 14-, or 22-h time period with no common letter differ (P ≤ 0.05).
solute embryo BW was not affected by any injection treatments on d 19.5 of incubation (Table 2) . However, BW relative to SEW was increased by all solution injections as compared with noninjected controls (Table 2 ). In addition, BW relative to SEW was higher in the glucose-, fructose-, and sucrose-injected groups compared with dry punch controls, and BW relative to SEW was higher in the glucose group compared with the dextrin group. However, when compared with saline-injected eggs, in ovo supplementation with the various carbohydrates did not change embryo BW relative to SEW (Table 2) .
On d 19.5 of incubation, the dry punch or saline injection treatments did not affect YSW or YFBW compared with noninjected controls (Table 2) . Compared with noninjected controls on d 19.5 of incubation, YSW was higher in all carbohydrate solution injection groups, and compared with dry punch and saline-injected control groups, the injection of glucose, fructose, maltose, or sucrose increased YSW. Also, the glucose, fructose, and maltose groups had a higher YSW than the dextrin group, the glucose and fructose groups had a higher YSW than the sucrose group, and the fructose group had a higher YSW than the maltose group. Compared with saline-injected controls, the injection of glucose, fructose, or maltose decreased YFBW. Also, YFBW in the fructose and maltose groups was lower than that in the noninjected and dry punch groups, and that in the fructose group was lower than that in the glucose, sucrose, and dextrin groups. Moreover, the injection of dextrin or sucrose did not affect YFBW compared with noninjected, dry punch, or saline-injected control groups. It is important to note that on d 19.5 of incubation the fructose-injected group had the highest YSW in association with the lowest YFBW. In addition, although fresh embryo BW and YFBW were affected by some treatments, dry embryo BW and YFBW (Table 2 ) and liver weight and liver weight relative to YFBW (Table 2) were not affected by any of the treatments.
Hatch rate of all implanted and nonimplanted eggs was not affected by any treatments (data not shown). The dry punch or saline-injected control treatments did not affect HE, but HE was decreased in all the carbohydrate treatment groups compared with the noninjected, dry punch, and saline-injected control groups (Table 3) . Moreover, compared with the sucrose and dextrin injection treatments, the glucose and fructose treatments had a lower HE, with the maltose treatment group intermediate. Compared with noninjected controls, whole fresh chick BW and BW relative to SEW on day of hatch were increased by the injection of all of the treatment solutions, including saline alone (Table 3) . Also, compared with dry punch controls, all injection treatments except for the glucose group increased both BW and BW relative to SEW. Compared with the glucose treatment, the injection of maltose or dextrin resulted in an increase in chick BW and the injection of fructose, sucrose, or dextrin resulted in an increase in BW relative to SEW. However, dry BW was not affected by any of the treatments (Table 3) .
Dry punch, saline, and glucose solution injection treatments had no effect on YSW or YFBW when compared with noninjected controls (Table 3) . On the other hand, YSW was observed to be higher in the fructose, maltose, sucrose, and dextrin treatment groups than in the glucose treatment group as well as the noninjected, dry punch, and saline-injected control groups. Also, YSW was higher in the sucrose treatment group than in any of the other treatment groups. Compared with the saline-injected group, supplemental fructose, maltose, and sucrose decreased YFBW. Also, YFBW in the maltose and sucrose groups was lower than that in the noninjected and dry punch controls, as well as the dextrin-injected group, and YFBW in the sucrose group was lower than that in the glucose treatment group. Although dry BW was not affected by any of the treatments (Table 3) , the injection of either the fructose, sucrose, or dextrin solutions decreased dry YFBW compared with noninjected controls (Table 3) . Means within a parameter with no common superscript differ (P ≤ 0.05). 1 BW = absolute BW; BW/SEW = BW relative to set egg weight; YSW = yolk sac weight; YFBW = yolk-free BW; LW = liver weight; LW/YFBW = liver weight relative to yolk-free BW.
2 Samples were collected from 2 chicks per tray level per treatment × 6 tray levels (12 chicks/treatment) within each of 8 treatments.
3 Saline = 1.2 mL of saline (injected control). A total of 0.3 g/mL of glucose, fructose, maltose, sucrose, and dextrin were each dissolved in 1.2 mL of saline.
Furthermore, the injection of sucrose caused a reduction in dry YFBW compared with the dry punch and saline-injected controls and the glucose and maltose solution-injected groups (Table 3) .
Absolute liver weight was reduced in the maltose, sucrose, and dextrin groups compared with the noninjected control group (Table 3 ). In addition, absolute liver weight in the sucrose and dextrin treatment groups was lower than that in the dry punch and saline groups, and that in the sucrose group was lower than that in the glucose, fructose, and maltose groups. Liver weight relative to YFBW was lower in the sucrose and dextrin treatment groups compared with those in the noninjected control group. Liver weight relative to YFBW in the sucrose treatment group was also lower than that in the dry punch and the saline, glucose, fructose, and maltose solution groups (Table 3 ). In the sucrose treatment group, the lowest values for absolute liver weight, liver weight relative to YFBW, and fresh and dry YFBW were associated with the highest values for YSW (Table 3) . On both d 19.5 of incubation and day of hatch, absolute liver weight was negatively correlated with YSW but was positively correlated with YFBW. A negative correlation was also observed between YSW and YFBW on day of hatch (Table 4) .
DISCUSSION
The results of the test of the effects of osmolality on the hatchability of embryos showed that the embryos were tolerant to the imposed osmolality challenges on d 18.5 of incubation. Physiological saline is used for intravenous infusion because its osmolality closely approximates the osmolality of NaCl in blood, which prevents the lysis of blood cells. However, as an in ovo injection carrier, saline was injected into the amnion and then ingested by the embryo rather than being administrated intravenously. Previous studies also showed that the osmolality of the solutions for in ovo injection were not as restrictive as solutions for intravenous injection. Water, saline, PBS, and ethanol have been used for in ovo injection in previous studies (Henry and Burke, 1999; Ohta et al., 1999 Jochemsen and Jeurissen, 2002; Uni and Ferket, 2003; Tako et al., 2004; Dalloul et al., 2005; Foye et al., 2006; Smirnov et al., 2006; Kadam et al., 2008; Zhai et al., 2008; McGruder et al., 2011a,b) . In the previous studies, either hatchability data was not reported or the nutrient solutions used were shown to have no effect on hatchability. In the current study, the in ovo injection of 1.2-mL solutions with osmolalities varying between 0 2 Approximately 12 chicks per tray level per treatment × 6 tray levels (72 chicks/treatment) within each of 8 treatments were used to calculate the means for hatchability, BW, and BW/SEW. Samples collected from 2 chicks per tray level per treatment × 6 tray levels (12 chicks/treatment) within each of 8 treatments were used to calculate the means for YSW, YFBW, dry BW, dry YFBW, LW, and LW/YFBW.
3 Saline = 1.2 mL of saline (injected control). A total of 0.3 g/mL of glucose, fructose, maltose, sucrose, and dextrin were each dissolved in 1.2 mL of saline. and 2,320 mOsm did not affect the hatchability of the embryonated eggs. The IT of nonembryonated eggs was similar to the ambient temperature recorded inside the hatcher unit (data not shown). This was expected given the absence of embryonic heat production in the nonembryonated eggs. In fact, nonembryonated eggs should be slightly colder because of evaporative heat loss (Meijerhof and van Beek, 1993 ) even though the difference was not detectable in the current study. The higher IT in embryonated eggs compared with that in the nonembryonated eggs was indicative of metabolic heat production by the broiler embryos. The increased difference in IT between nonembryonated and embryonated eggs as time of hatch was approached was further suggestive of an increase in the metabolic rates and body sizes of the embryos in association with increased embryonic age. Despite the effects of genetic difference, hatching temperature, oxygen availability, and egg size, as embryos approach time of hatch they are larger and more active and thereby produce more heat, which increases IT (Tazawa et al., 1988; Tona et al., 2004; Lourens et al., 2006a Lourens et al., , 2007 . Tazawa et al. (1988) reported that metabolic heat production increases from about 35 mW on d 12 of incubation to 121 mW on d 17 of incubation, and eventually reaches 163 mW at external pipping; however, the size of the eggs and the strain of flock were not specified. Tona et al. (2004) reported that metabolic heat production by modern broiler embryos can reach up to 300 mW on d 19.5 of incubation.
It has been reported that the in ovo injection of carbohydrates may increase the level of available liver glycogen in embryos, which may be used to facilitate the hatching process (Uni et al., 2005; Bottje et al., 2010) . However, in the current study, the injection of various carbohydrates in saline did not accelerate, but rather delayed, the hatching process. Furthermore, the delay in hatch time was associated with a decrease in egg IT. Chickens are not able to control their body temperature during the embryonic stages of development, even at the time of external pipping (Whittow, 2000) . Rather, embryonic body temperature is determined by the ambient temperature (i.e., incubator temperature) and the amount of metabolic heat that the embryo produces. Previous studies have also shown that oxygen consumption, metabolic rate, and heat production change with embryo temperature (Romijn and Lokhorst, 1955; Nichelmann and Tzschentke, 2002; Lourens et al., 2011) and that a higher oxygen concentration results in increased yolk utilization in association with a higher hatchling YFBW (Lourens et al., 2007) .
Nevertheless, ambient temperature was the same among the treatment groups, and the IT of the embryonated eggs in the groups that received injections of saline with or without added carbohydrate was lower than that of the dry punch controls by 22 h after injection. This suggests that the injection of those solutions resulted in a cooling effect either by modulating embryonic metabolism, which may be attributable to decreased oxygen uptake, or as a result of the effect of the specific heat capacity of the water in the injected solution. In addition to the possible effect of reduced embryonic temperature, the delay in hatch may also be attributable to the introduction of additional water in association with the injection of the carbohydrate and saline solutions. Eggs must lose 12 to 15% of initial SEW up to the point of pipping (Romanoff, 1930; Ar and Rahn, 1980; Ar, 1991) . This amounts to approximately 8 g of weight as water for a 60-g egg. Furthermore, eggs exhibiting low rates of water loss usually experience delayed hatches (Romanoff, 1930; Ar and Rahn, 1980; Ar, 1991) . In the current study, 1.2-mL solutions (2% of SEW) were injected. This amount of additional water may have resulted in an inhibitory effect on embryonic metabolism that overcame any metabolic stimulatory effects that the carbohydrates alone provided.
Similar to the current study, a previous study suggested that the injection of a 1.0-mL solution containing a carbohydrate or a carbohydrate and β-hydroxy-β-methyl-butyrate (a leucine metabolite) combination increased absolute total BW of broiler hatchlings on day of hatch. However, results from that same study also showed that HE was not affected (Uni et al., 2005) . The effects on embryo BW elicited by the carbohydrates alone could not be separated from those that might have been caused by the saline itself because a saline injection control was not included in the study conducted by Uni et al. (2005) . However, a more recent study conducted by Zhai et al. (2011) , using various carbohydrates, showed that injection volumes ranging from 0.1 to 1.0 mL (diluent alone or carbohydrates dissolved in diluent) were positively related to total absolute BW and relative BW to SEW.
Compared with noninjected controls in this study, the injection of saline or any of the carbohydrate solutions resulted in an increase in total chick BW on day of hatch. This current finding is consistent with those in previous studies conducted by Uni and Ferket (2004) , Uni et al. (2005) , and Zhai et al. (2011) . However, YFBW responses in this report differed depending upon the type of carbohydrate injected. Compared with the noninjected, dry punch, and saline-injected control groups, YFBW on day of hatch was decreased in the maltose and sucrose treatment groups but not in the glucose or dextrin groups, and the injection of fructose, maltose, or sucrose decreased YFBW compared with the saline-injected group. However, yolk-free body DM on day of hatch was not different between the saline, fructose, and maltose injection treatment groups. Moreover, chicks in the saline-injected group exhibited the numerically lowest body DM weight, even though the injection of saline or any of the carbohydrate solutions increased absolute BW and BW relative to SEW. The increased BW of chicks in the saline-injected group may have been attributable to the retention of water in their bodily tissues. Therefore, the results suggest that any observed treatment effects on absolute BW should not be used as sole indicators of the effects of the nutrient injected on embryonic growth and development. It is essential that the weight of the supply organs, such as that of the liver and yolk sac, as well as fresh and dry YFBW, should also be considered.
Although the injection of saline did not affect yolk sac absorption compared with noninjected controls, and even though almost all of the injection treatments used in this study similarly decreased IT and subsequently delayed hatch, the various carbohydrate injectables did have different effects on the rate of yolk absorption, as evidenced by differences in YSW, and on the deposition of yolk nutrients in the embryonic tissues, as reflected by differences in YFBW. Yolk absorption on d 19.5 of incubation and on day of hatch was reduced by the injection of all carbohydrates. The exception to this was the response to glucose on day of hatch. The introduction of external carbohydrates to the embryo may have influenced their normal utilization of nutrients that naturally occur in the egg. When compared with all control groups, the injection of maltose and sucrose, but not glucose or dextrin, decreased YFBW on day of hatch. This may be attributable to the greater influences of external maltose and sucrose on internal nutrient utilization by the embryo and of nutrient deposition in their body tissues. Also, the injection of fructose, maltose, or sucrose decreased YFBW compared with the saline-injected group. These results were similar to those in a previous study by Zhai et al. (2011) , in which solution volumes between and including 0.1 and 1.0 mL were injected into broiler hatching eggs. In that work, YFBW was negatively related to fructose or sucrose solution injection volume but was not related to diluent, glucose, maltose, or dextrin solution volumes. Even though total chick BW on day of hatch was positively related to injection volume for all injectables including diluent, YSW was positively related to fructose, sucrose, or dextrin solution injection volumes, but was not significantly related to diluent, glucose, or maltose injection volumes (Zhai et al., 2011) . Previous studies have shown that glucose spares body protein by inhibiting proteolysis, amino acid oxidation, and hepatic gluconeogenesis; however, glucose is not able to stimulate amino acid deposition in muscle protein (Vazquez et al., 1988) . Therefore, the inhibitory effects of the in ovo supplemental carbohydrates on nutrient absorption might have surpassed the sparing effects of the carbohydrates on protein degradation. Embryonic development may have also been compromised if the external carbohydrates caused more protein to be retained in the amnion and yolk.
Liver weight was found to be negatively related to YSW and positively related to YFBW on both day 19.5 of incubation and day of hatch, whereas YSW was negatively related to YFBW on day of hatch. Yolk contains lipids (63% of the total yolk solids), proteins (32%), carbohydrates (1.4%), cholesterol (4%), and other essential nutrients including minerals and vitamins (Burley and Vadehra, 1989) . Nutrients in the yolk sac are also primarily used to support the metabolic costs of embryonic growth (tissue deposition) and maintenance (Vleck and Vleck, 1987) . In particular, yolk fatty acids are used to generate energy and heat and, when combined with hepatic cholesterol, are used for membrane expansion and tissue development (Moran, 2007) . Decreased yolk sac absorption with an associated reduction in tissue nutrient deposition was exhibited through increased yolk sac retention (increased YSW) and decreased YFBW in the current study. It has been reported that the higher mortality of embryos from young flocks is associated with disturbances in yolk nutrient assimilation and mobilization (Noble et al., 1986) . Noble et al. (1986) further indicate that a malfunction in yolk lipid assimilation and mobilization from the yolk contents during the last 7 d of incubation limited the embryo's access to essential nutrients, which subsequently retarded development and decreased hatchability. Yolk absorption efficiency is not only determined by the nutrient composition of the yolk, but may also be largely attributable to the condition of the entire organism and its specific metabolic requirements (Romanoff, 1960) . Even though supplemental carbohydrates may improve glycogen concentration status in the embryonic liver (Uni et al., 2005) , the results of the current study suggest that the use of external carbohydrates could interrupt the absorption of yolk by the embryo. The embryonic liver plays a crucial role in carbohydrate, protein, and lipid metabolism, cell division, signal transduction, organogenesis, and other essential functions (Jianzhen et al., 2007) . The essential function of the liver during embryo growth was further confirmed in this study by the negative association between YSW and absolute or relative liver weight (liver weight/YFBW) and the positive association between YFBW and absolute or relative liver weight in the sucrose injection treatment group on day of hatch.
In conclusion, compared with the dry punch control group, the in ovo injection of 1.2 mL of saline or carbohydrate solutions lowered embryonic metabolism, as reflected by a lower IT and delay in time of hatch, and although the use of some carbohydrate solutions (fructose, maltose, sucrose, and dextrin) may increase the total BW of hatchlings, they may likewise reduce yolk sac absorption and the subsequent YFBW of newly hatched chicks. These associated effects may occur through the differential effects that these solutions exert on the hydration status, osmotic balance, and competitive utilization of internal and external sources of energy that are available to the embryo. Based on the current and earlier reports, it is suggested that lower volumes of carbohydrate solutions containing maltose, sucrose, or fructose should be considered for in ovo injection. In future studies, the potential effect of glucose, maltose, and dextrin as supplemental carbohydrates in commercial diluent on posthatch broiler performance deserves further investigation.
